The aim of this in vitro study was to use strain gauge (SG) analysis to compare the effects of the implant-abutment joint, the coping, and the location of load on strain distribution in the bone around implants supporting 3-unit fixed partial prostheses. Three external hexagon (EH) implants and 3 internal hexagon (IH) implants were inserted into 2 polyurethane blocks. Microunit abutments were screwed onto their respective implant groups. Machined cobalt-chromium copings and plastic copings were screwed onto the abutments, which received standard wax patterns. The wax patterns were cast in a cobalt-chromium alloy (n ¼ 5): group 1 ¼ EH/machined. group 2 ¼ EH/ plastic, group 3 ¼ IH/machined, and group 4 ¼ IH/plastic. Four SGs were bonded onto the surface of the block tangentially to the implants. Each metallic structure was screwed onto the abutments and an axial load of 30 kg was applied at 5 predetermined points. The magnitude of microstrain on each SG was recorded in units of microstrain (le). The data were analyzed using 3-factor repeated measures analysis of variance and a Tukey test (a ¼ 0.05). The results showed statistically significant differences for the type of implant-abutment joint, loading point, and interaction at the implant-abutment joint/loading point. The IH connection showed higher microstrain values than the EH connection. It was concluded that the type of coping did not interfere in the magnitude of microstrain, but the implant/abutment joint and axial loading location influenced this magnitude.
INTRODUCTION
O cclusal overload has been given as the primary factor for peri-implant bone loss, loss of implants, and loss of implant-supported prostheses. 1, 2 Occlusal loads are first introduced to the prosthesis and are delivered to the bone/implant interface; 3 hence, the development and maintenance of the bone/implant interface are particularly dependent on the control of biomechanical loads. Bones carrying mechanical loads adapt their strength to the load applied on them by bone modeling/remodeling. The response to increased mechanical stress below a certain threshold will be a strengthening of the bone by increasing the bone density or apposition of bone. On the other hand, fatigue micro-damage resulting in bone resorption may be the result of mechanical stress beyond this threshold. 2, 4, 5 Once practitioners developed techniques to successfully treat completely edentulous jaws, they attempted to use those techniques to restore a partially edentulous jaw. However, this clinical application presents distinct challenges for both surgical and prosthetic teams. Compared with implant-supported total fixed prostheses, implant-supported partial fixed prostheses are more susceptible to the bending moment generated by occlusal loads because they lack the benefit of cross-arch stabilization. 6 Moreover, the posterior region of the oral cavity presents higher occlusal loading and lower bone quality than the anterior region; additionally, bone height is limited by the maxillary sinus or the mandibular nerve.
In a retrospective clinical analysis of the relation between the fracture of implants and occlusal overload, Rangert et al 6 found that 90% of implant fractures occurred in the posterior segment, supported by one or more implants, in association with cantilever, bruxism, or high occlusal loads. In a systematic review, Pjetursson et al 7 assessed the 5-and 10-year survival of implant-supported fixed partial dentures and described the incidence of biological and technical complications. After 5 years, the cumulative incidence of connection-related complications (screw loosening or fracture) was 7.3% and 14% for superstructure-related complications (veneer and framework fracture).
Several types of abutment connection designs, such as external hexagons (EHs) and internal hexagons (IHs), have been used clinically. The resorption of bone in the vicinity of the fixture occurs to a certain level in all implant systems. The amount of marginal bone loss around EH connections and internal cone connections is almost the same. 8 Although mechanical, clinical, and microbiological advantages and disadvantages have been indicated for external and internal systems, the biomechanical influences around implants after loading have yet to be closely examined.
Recent studies have investigated the stresses caused by implant-supported prosthesis fabrication methods by varying the type of coping. [9] [10] [11] [12] However, these studies observed stresses only during the fixation of implant-supported fixed partial prostheses.
The aim of this in vitro study was to use strain gauge (SG) analysis to compare the effects of the implant-abutment joint, the coping, and the location of load on strain distribution in the bone around the implants supporting 3-unit fixed partial prostheses.
MATERIALS AND METHODS

Preparation of the test specimens
To simulate real-life clinical conditions, 3 EH implants (Master Screw, 3.75-mm diameter, 13-mm depth; Conexão Sistemas de Pró tese, Arujá, Brazil) and 3 IH implants (Conect AR, 3.75-mm diameter, 13-mm depth; Conexão Sistemas de Pró tese) from mesial to distal, labeled 1, 2, and 3, were arranged in the middle of 2 measurement models consisting of a 70 3 40 3 30 mm 3 rectangular polyurethane block (Polyurethane F16; Axson, Cergy, France) with known mechanical properties (Young's modulus of 3.6 GPa). One matrix that could generate a constant implant placement was custom-built. The implants were inserted in a straight line into the polyurethane block. The distance between the centers of the implants was set at 7 mm, leaving sufficient space for the SG. Microunit abutments (Conexã o Sistemas de Pró tese) were screwed onto the respective implants with a 20 Ncm torque using the implant manufacturer's manual torque driver (Conexão Sistemas de Pró tese).
Fabrication of metallic superstructures
Each specific polyurethane block served as the base for wax-up procedures. The patterns were fabricated using a pattern resin (GC Pattern Resin; GC Europe NV, Leuven, Belgium) and wax (Kronen wachs; Bego Bremer Goldschalgerei, Bremen, Germany). Wax patterns made of 2 different prosthetic copings, machined cobalt-chromium coping (Conexão Sistemas de Pró tese) and plastic copings (Conexão Sistemas de Pró tese), were used in the study. Prosthetic copings were attached to the abutment, then the wax-up was adapted under slight finger pressure on the polyurethane blocks to eliminate the inevitable dimensional changes originating from impression procedures (Figure 1 ). 9 The wax patterns were sprued, invested, and one-piece cast in an induction oven with cobalt-chromium alloy (Wirobond SG, Bego Bremer Goldschalgerei). To avoid bias resulting from manufacturing conditions, random sets comprising frameworks of different types were put together and cast. The castings were cleaned, finished, and polished, and care was taken not to damage the internal surface of the copings, whose interiors were inspected under a binocular microscope to check for casting imperfections. The abutments received 3-unit superstructures. The fit and passivity of the superstructures were checked without torque tightening. The superstructures showed satisfactory adaptation, which was confirmed by direct vision in conjunction with tactile sensation through an explorer. 13 Superstructures showing signs of instability were excluded, and a new one was cast.
Each metallic superstructure was numbered and labeled according to its corresponding group. The total sample constituted 20 superstructures distributed randomly and equally among the EH and IH groups. These were differentiated by casting of machined and plastic copings.
SG analysis
Four SGs (KFG-02-120-c1-11N30C2; Kyowa Electronic Instruments Co, Ltd, Tokyo, Japan) were bonded onto the surface of each polyurethane block using a thin film of methyl-2cyanoacrylate adhesive (M-Bond 200; Vishay Measurements Group, Raleigh, NC): SG 1 was placed mesially adjacent to implant 1; SG 2 and SG 3 were placed mesially and distally adjacent to implant 2, respectively; and SG 4 was placed distally adjacent to implant 3 ( Figure 2 ). Each gauge was wired separately, and the 4 SGs were arranged in series to form a full Wheatstone bridge. The leads from the SGs were connected to a multichannel bridge amplifier to form one leg of the bridge. A computer (Intel 775P Pentium 4 Q6600, Dell Computadores do Brasil Ltda, Eldorado do Sul, RS, Brazil) was interfaced with the bridge amplifier to record the output signal of polyurethane surface. A data acquisition system software (System 5000 Model 5100B; Vishay Measurements Group, Raleigh, NC) was used to record the data.
The occlusal screws of the superstructure were tightened onto the Microunit abutments with a hand-operated screwdriver until the screws started to engage, based on tactile sensation, while applying a torque of 10 Ncm using the manufacture's manual torque-controlling device.
Five loading points were selected to apply a static vertical load on the metallic superstructures. Point A was located on the hole of the retention screw of implant 1, point B was located centrally between the holes of the retention screws of implants 1 and 2, point C was located on the hole of the retention screw of implant 2, point D was located centrally between the hole of the retention screws of implants 2 and 3, and point E was located on the hole of the retention screw of implant 3.
All of the SGs were zeroed and calibrated before each loading, and a vertical load of 30 kg 14 was applied for 10 seconds, using a universal load-testing machine (DL-1000; Emic, São José dos Pinhais, Brazil). The magnitude of microstrain on each SG was recorded in units of microstrain (le). This procedure was repeated 2 more times, making a total of 3 readings per loading point ( Figure 3 ).
Statistical analysis
As an SG is only capable of detecting strain in a limited sector of the peri-implant area, it is more or less a matter of chance whether tensile or compressive forces are recorded. In short, negative values refer to compressive forces and positive values refer to tensile forces during stress and strain analyses. Therefore, negative values do not imply a value below zero.
To compare the magnitude of microstrain resulting from the type of implant/abutment joint, type of coping, and loading point, the positive and negative strains recorded in the SG analysis were transformed into absolute values, 9, 10, 15, 16 which were used to calculate the mean values of microstrain of 4 SG.
The experimental variables under study were implant/ abutment joint (external and internal), coping (plastic and prefabricated), and loading point (A, B, C, D, E). This experiment followed a factorial scheme of the 2 3 2 3 5 type. The variable response was the mean microstrain value obtained in the SG analysis. The experimental unit was the prosthetic superstructure. Twenty prosthetic superstructures were randomly assigned to 4 experimental conditions, implant/abutment joint (external and internal) and copings (plastic and machined).
The 100 values obtained were submitted to statistical analysis using the following statistical softwares: GraphPad-Prism (GraphPad Software, version 4.00, 2003, La Jolla, Calif), Minitab (Minitab, version14.12, 2004, State College, Calif), and Statix (Analytical Software Inc, version 8.0, 2003, Tallahassee, Fla). The descriptive statistics consisted of means and standard deviations. The inferential statistics consisted of an analysis of variance of repeated measurements of 3 factors (implant/ abutment joint, coping and loading point), in which the variable loading point was considered the repeated factor. The study of the interaction effect was conducted by utilizing graphs and by a Tukey multiple-comparison test. Significance level was set at 5%. Table 1 presents the means and standard deviations of microstrain (le) obtained from the mean of 4 SGs for implant/abutment joint (EH and IH) and for coping (machined and plastic) at each loading point.
RESULTS
Results of the 3-factor repeated measures analysis of variance for the experimental conditions are presented in Table  2 . There were statistically significant interaction effect between the implant/abutment joint types and loading point variables (P ¼ .001). There was a statistically significant effect for implant/ abutment joint (P ¼ .001) and loading point (P ¼ .001). A Tukey multiple comparison test was then applied to compare the means values of microstrain for 2 levels of the implantabutment factor and 5 levels of the loading point factor (Table  3) .
DISCUSSION
When an occlusal load is applied to an implant, the load is partially transferred to the bone, and the highest stresses occur in the implant's most cervical region. This phenomenon is due to one of the principles of engineering, that is, when 2 materials are in contact with each other and 1 of them is loaded, the stresses will be higher at the materials' initial point of contact. 17 Moreover, the cervical region of the implant is the site where the greatest microstrains occur, 15, 18 independently of the type of bone, the design of the implant, 19 the configuration of the prosthesis, and the load. 20 In this present study, SGs were strategically bonded on the polyurethane block, tangentially to the implant platform to observe the region with the highest concentration of stresses during the application of loads. This laboratory simulation model was selected to obtain baseline information about the distribution pattern of strain. This positioning of the SGs has also been used in previous studies. 9, 10, 21, 22 The flat surface of the polyurethane block made the positioning and bonding of the SGs simpler and more precise than in other studies, which opted for bonding on the implants, 23 ,24 the abutments, 16,24 and the metal structures of the prosthesis. 9, 15 In this SG analysis, the implant-abutment joint effect and the implant-abutment joint/loading point interaction demonstrated statistically significant differences. From a biomechanical perspective, the fixture-abutment joint designs should have junctions that reduce the peak bone interface stresses and strains 25 . In the EH design, the abutment screw is the only element that keeps the fixture and the abutment assembled. Otherwise, in the IH design, friction plays a crucial role in maintaining the screw-joint in addition to the torque applied during abutment tightening. These fundamental differences in design affect the mechanical behaviors of implants. 2, 25 Maeda et al 24 verified differences in the force distribution patterns between implants with EH and those with IH connection systems using SG analysis and observed that there was no statistically significant difference between the 2 types of abutment connections systems under vertical load. However, these authors simulated a single-implant prosthesis and the vertical load was applied on the abutment. In recent study, Nishioka et al 26 found no statistically significant differences between microstrain values obtained with an EH design and an IH design during the fixation of implant-supported fixed partial prostheses. In contrast, the result of the present study suggests that axial loading on the superstructures and the type of implant-abutment joint could change the strain distribution patterns around implants, decreasing or increasing the magnitude of microdeformation.
In this present study, the coping effect and the coping/ loading point interaction showed no statistically significant difference. This finding suggests that the type of coping, plastic or machined, does not affect the magnitude of microstrain when an implant-supported fixed prosthesis is axially loaded, and that the behavior of both copings followed the same pattern at all of the loading points. Previous SG studies have reported similar results, [9] [10] [11] with fixed partial prostheses screwed onto implants, made from plastic or machined copings, producing the same magnitude of microstrain during tightening of the retention screws, without any statistically significant difference between plastic and machined copings before 9,10 and after 11 the application of a dental ceramic. Furthermore, studies to evaluate the fit of the abutment/ prosthesis interface have demonstrated that the precision of unitary metallic structures obtained with machined copings is better than that obtained with plastic copings. 27, 28 However, it should be noted that the care involved in handling multiple prostheses is very different from that involved in handling single ones, and the complexity of the laboratory procedures increases proportionally to the number of fixations involved. With regards to the loading point effect, a statistically significant difference was found, suggesting that symmetrical loading points, A versus E and B versus D, did not produce similar magnitudes of microstrain. The superstructures showed satisfactory fit, which was confirmed by direct vision in conjunction with tactile sensation through an explorer. However, these methods are not able to detect slight distortions of the prosthesis on the implant, 13 probably caused by casting procedures of the implant-supported fixed partial prosthesis. This finding suggests that the fit of the cast metal rods was not homogeneous, that is, the fit attained by the cast metal rods in implant 3 may have differed from that found in implant 1, which in turn may also have differed from the fit obtained in implant 2. Thus, the nonhomogeneous fit may have influenced the distribution of strains, producing different magnitudes of microstrain, even when the load was applied on equidistant and symmetrical points.
In the present study, it was also observed that when loads were applied on loading points A, B, D, and E, which were positioned on and close to the implants at the extremities, the largest microstrains occurred in the closest SGs, indicating that the amount of load transmitted to the implant and the strains generated in the bone depend on the location where the load is applied on the prosthesis. In contrast, when loads were applied on loading point C, which was positioned on the central implant, the greatest microstrains occurred in the most distant SGs, indicating that the implants at the extremities were more loaded. These results suggest that the strains generated by occlusal contacts located close to the central implant of the screwed fixed partial prosthesis supported on 3 implants are distributed to the implants at the extremities, while the strains generated by occlusal contacts positioned close to the implants at the extremities concentrate in those implants. A possible explanation for that might be because of the presence of a bilateral connection of middle implant (point C) compared with a unilateral connection of peripheral implant. A bilateral connection would possibly dissipate the applied strain through the framework more than unilateral connections. 29 According to Frost 4 and Wiskott and Belser, 5 bone homeostasis occurs when the level of microstrain remains within the range of 100 to 2000 le and 50 to 1500 ue, respectively. In Table 1 , most of the microstrain values obtained for implant-abutment joint and copings remained within the level of bone homeostasis, or normal load. This finding suggests that when a partial fixed prosthesis of 3 elements and supported by 3 implants is loaded axially, with occlusal contacts positioned between the implants and as close as possible to the latter, bone resorption around the implants and occlusal overload can be minimized.
Limitations in the model of this study must be taken into account when interpreting the results. This is an in vitro study based on a homogenous model with known mechanical properties instead of bone. This not only allowed for proper strain measurements but also 100% implant-model material contact. In vivo, additional variables, such as bone density, implant stability, and bone-to-implant contact, would have to be considered. The interimplant relationships represented a straight-line configuration of the implants, which seems also to be a simplified situation compared with a curved distribution with a longer segment splinted. The flat occlusal surface of the superstructures did not represent the real clinical situation; variables such as cusp inclination, occlusal table and location, and direction and magnitude of applied occlusal forces on the superstructures could change the results of this study.
CONCLUSION
Based on the current results, the type of implant-abutment joint presented different mechanical behavior under axial loads, and the IH connection displayed higher values of microstrain than the EH. The type of coping did not interfere in the magnitude of microstrain under axial loading, and the location of the applied axial loads affected the magnitude of microstrain.
